[1] The first in situ sounding of a post-seismic infrasound wavefront is presented, using data from the GOCE mission. The atmospheric infrasounds following the great Tohoku earthquake (on 11 March 2011) induce variations of air density and vertical acceleration of the GOCE platform. These signals are detected at two positions along the GOCE orbit corresponding to a crossing and a doubling of the infrasonic wavefront created by seismic surface waves. Perturbations up to 11% of air density and 1.35 10 -7 m/s 2 of vertical acceleration are observed and modeled with two different solid-atmosphere coupling codes. These perturbations are a due to acoustic waves creating vertical velocities up to 130 m/s. Amplitudes and arrival times of these perturbations are reproduced respectively within a factor 2, and within a 60 s time window. Waveforms present a good agreement with observed data. The vertical acceleration to air density perturbation ratio is higher for these acoustic waves than for gravity waves. Combining these two pieces of information offers a new way to distinguish between these two wave types. This new type of data is a benchmark for the models of solid-atmosphere coupling. Amplitude and frequency content constrain the infrasound attenuation related to atmosphere viscosity and thermal conductivity. Observed time shifts between data and synthetics are ascribed to lateral variations of the seismic and atmospheric sound velocities and to the influence of atmospheric winds. These effects should be included in future modeling. This validation of our modeling tools allows to specify more precisely future observation projects.
Introduction
[2] Mechanical coupling between solid Earth, ocean, and atmosphere induces propagation of acoustic waves in the atmosphere following earthquakes and gravity waves following tsunamis. During their vertical propagation, these waves are amplified because of the decreasing atmospheric density and attenuated because of energy losses due to thermal and mechanical diffusion. Theoretical simulations of the solid-atmosphere coupling began with simulation of gravity waves generated by tsunamis [Hines, 1960] . The most complete description of the acoustic wave coupling up to now is based on the computation of "full Earth" normal modes including atmosphere and attenuation processes [Lognonné et al., 1998; Artru et al., 2001] . The atmospheric waves are expected to have a maximum amplitude in the 200-350 km altitude range, depending on the frequency and on atmospheric properties, and are dissipated at higher altitudes. The associated leaky normal modes can be computed either by variational methods [Lognonné et al., 1998 ] or propagators [Kobayashi, 2007; Watada and Kanamori, 2010] and the seismograms computed by normal mode summations [Artru et al., 2004; Rolland et al., 2011a] .
[3] To date, most of the thermospheric observations of waves generated by seismic waves and tsunamis, following the Tohoku 11 March 2011 Mw = 9 quake, have sensed the ionospheric electron perturbations induced by neutral density waves. Electron vertical velocities were measured by ionospheric radars [Nishitani et al., 2011] and doppler sounders [Chum et al., 2012] , while electron density perturbations were detected by ionosonds [Maruyama et al., 2011] or global positioning systems [Rolland et al., 2011b] . For the first time, airglow modulation of the tsunami waves was also detected enabling the generation of movies showing the tsunami propagation.
[4] However, all these observations rely on indirect measurements of the acoustic or gravity waves propagating in the neutral atmosphere. Because the dynamics of the electrons is different from the neutrals in the ionosphere [Kherani et al., 2009] , the electron density perturbations are influenced by many factors, the most important being the local magnetic field [Dautermann et al., 2009] . As a consequence, the estimate of neutral wave amplitude and propagation properties from electron density perturbations is a complex process Kherani et al., 2012; Galvan et al., 2012] . In particular, the recovery of the neutral wave field from these data is non-unique, because the electron density is mainly influenced by the neutral wave velocity along magnetic field lines.
[5] So far, observation of the Tohoku neutral waves has been limited to the detection of gravito-acoustic waves with micro-barometers [Arai et al., 2011; Raveloson et al., 2012] . We present here the first direct observation of post-seismic neutral acoustic waves in the thermosphere, along the GOCE orbit. The very low Earth orbit of the GOCE mission, at 270 km altitude, its drag compensated platform, and the unprecedented quality of its accelerometers [ Floberghagen 0  20  40  60  80  100  120  140  160  180 et al., 2011] allowed us to recover very precisely the non-gravitational forces exerted on the satellite. Among these forces, the ones due to density variations and vertical displacements created by post-seismic infrasounds are observed, in a similar way as atmospheric gravity waves [Bruinsma and Fedrizzi, 2012] .
[6] Then we perform the modeling of these waves and compare their amplitude, timing, and waveshape to density and vertical acceleration variations observed by GOCE. Differences between observed and modeled signals and the investigations performed on other gravimetric satellite data sets are discussed. Finally, we conclude with a summary of the results and a perspective in term of future satellite mission designs and numerical modeling of these waves.
Post-Seismic Perturbations Observed by GOCE
[7] GOCE is designed to measure gravity variations using a gradiometer within a drag compensated platform [Drinkwater et al., 2003] . This study will use two byproducts of the mission measurements: the vertical acceleration of the satellite and the air density deduced from the drag compensation along the satellite track. The nongravitational radial acceleration is deduced from the average of the two vertical accelerometers within the gradiometer. Its variations track the forces exerted by vertical winds along the satellite track. The vertical acceleration of the satellite is known to within 2*10 -12 m/s 2 [Floberghagen et al., 2011] . The air density is deduced from the analysis of thruster data compensating satellite drag and accelerometer measurements [Doornbos et al., 2010] . Relative density background variations along the satellite track vary by about 1%. Non-gravitational accelerations in horizontal directions are not considered because these are implicitly included in the computation of air density.
[8] Figure 1 presents the variations of vertical acceleration and air density along the GOCE orbit just after the magnitude 9.1 Tohoku earthquake in Japan (5:46:23 UT on 11 March 2011). A clear periodicity is observed in the variations of these two parameters due to the orbit of the satellite. These long period variations are removed by high-pass filtering the original data. Perturbations due to polar thermosphere dynamics are also clearly visible for geomagnetic latitudes larger than 50 ı [Bruinsma and Fedrizzi, 2012] . Therefore, polar regions are excluded from our analysis. A clear high-frequency signal of 1.3 10 -7 m/s 2 and 11% amplitude is observed, respectively, in the vertical acceleration and air density about 27 min after the quake before entering into the polar area. A low-frequency perturbation with half the amplitude of the first one is also observed about 56 min after the quake when the satellite goes out of the polar region. In order to interpret these signals in terms of post-seismic infrasounds, a full modeling taking into account the observation geometry is presented in the next section. The upper panel presents a simple simulation (SM) of density perturbations (in %) at the altitude of GOCE and the satellite track around the first crossing of infrasound wavefronts. Event position, satellite position, dawn and dusk, and˙50 ı magnetic latitudes are indicated, respectively, by a red circle, a white triangle, yellow and blue dashed lines, and black and red dashed lines. The two lower panels present, respectively, the air density perturbation (in %) and the vertical acceleration (in m/s 2 ) as function of time after the earthquake (in minutes) along GOCE satellite track. Data, SM, and FM synthetics are plotted, respectively, as gray thick line, black thin line, and black thick line. FM synthetics are divided by 2.
Post-Seismic Infrasound Propagation
[9] The propagation of seismic waves at the surface of the Earth generates infrasounds in the atmosphere. Most of these acoustic waves are refracted back to the surface within the lower atmosphere waveguide. Only the infrasonic waves propagating at almost vertical incidence (smaller than 6 ı ) are able to reach the altitude of GOCE ( 270 km). Below 100-200 km of altitude, these waves are amplified due to the conservation of kinetic energy in a medium of decreasing density. The atmosphere viscosity and thermal conductivity then controls the attenuation of these infrasounds in the thermosphere, acting like a low-pass filter for which the corner frequency decreases with altitude [Artru et al., 2004] .
[10] The seismic coupling between the solid earth and its atmosphere is modeled in this study by two different approaches. First, a simple model (SM) of infrasound propagation is computed assuming that the waves propagate from the ground to the GOCE altitude as vertically propagating plane waves excited by the ground displacement at the surface [Garcia et al., 2005] . The ground displacement due to the quake is modeled by gravito-acoustic normal mode summation up to 155 mHz Dahlen, 1993, 1995] within ak135 spherical Earth's model [Kennett et al., 1995] . Then the acoustic wave propagation time, amplification, and attenuation from the ground to GOCE altitude are computed with the NRLMSISE-00 atmosphere model [Picone et al., 2002] below each GOCE measurement. This simple modeling does not take into account the atmosphere to solid coupling feedback and the complex wave propagation in the atmosphere. However, the low level of atmosphere to solid feedback and the almost vertical propagation justify such a simple wave propagation model. Its ability to take into account lateral variations of sound speed and attenuation in the atmosphere by using different atmospheric models for each measurement point is an advantage.
[11] A second post-seismic infrasound modeling, denoted full model (FM), is performed through a variational normal mode computation of the full solid/atmosphere Earth [Lognonné et al., 1998; Artru et al., 2001] . In this case, the infrasound waves are described more correctly, with the exception of ion-neutral collision processes. However, the modeling of wave propagation is limited to radial mod- els of solid and atmosphere parts, excluding lateral variations. Models PREM [Dziewonski and Anderson, 1981] and NRLMSISE-00 at epicenter space/time location are chosen, respectively, for the solid Earth and the atmosphere. The seismic source parameters for SM and FM are the ones provided by Global CMT project .
[12] Our simulations allow to compute the wind and density perturbations of the atmosphere due to infrasounds. From FM, the post-seismic infrasonic waves at the altitude of GOCE present dominant periods larger than 60 s and vertical velocities up to 100 m/s which is about 10 times larger than horizontal ones. The perturbation of the vertical acceleration of the satellite is induced by both a change in lift force due to density variations and a variation of the wind angle of attack on the spacecraft due to the added infrasonic vertical wind. The perturbation of GOCE vertical acceleration (A z ) is deduced from synthetic perturbations of atmosphere density ( ) and vertical wind velocity (V z ) by the simple aerodynamic formula:
where M is the spacecraft mass, C z the lift coefficient, A ref a reference area, V the aerodynamic velocity, and F is the thruster force. All these parameters are extracted from GOCE mission data sets. Assuming that vertical winds are only due to the infrasounds, we obtain sin˛=
, where V h is the horizontal spacecraft velocity and˛is the wind attack angle. The second term dominates the lift force variation by a factor five.
Results and Discussion
[13] Figures 2 and 3 present the data geometry and the comparison between data and model outputs for the two signals described above.
[14] The first high-frequency signal observed in GOCE data is identified as a crossing of the infrasound wavefront by the satellite over the Pacific. The high frequencies observed ( 14 mHz) are due to a large differential velocity between post-seismic infrasound head waves of 800 km wavelength propagating horizontally at the speed of seismic surface waves ( 4 km/s) and the GOCE satellite (7.8 km/s). Infrasonic waves generated by vertical ground displacements due to both SV seismic wave (26.5 min after the quake) and Rayleigh surface waves (main signal) are observed in GOCE records. Both propagation models reproduce the amplitudes within a factor 2. However, only the FM predicts the correct start and end of times of the perturbation waveform due to proper modeling of atmospheric wave propagation. A time shift of -10 s and +10 s are observed, respectively, for SM and FM between data and synthetic waveforms.
[15] The second signal is identified as a doubling by GOCE of the infrasound wavefront following the Rayleigh surface waves. The frequencies observed in GOCE data ( 6 mHz) are lower than that for the first signal due to a lower relative velocity ( 4 km/s) between the infrasonic waves and the spacecraft. The air density perturbation waveform, amplitude, and shape are well modeled by SM, but FM synthetic is delayed by about 60 s, which is about 2% of the travel time of the seismic surface wave. Such faster long period surface waves are expected along a polar great circle [Beucler and Montagner, 2006] and suggest the importance of an improved modeling taking into account lateral variations. The time shifts due to atmospheric sound velocity variations and to atmospheric winds were estimated, respectively, smaller than 15 and 5 s from NRL-MSISE00 and HWM93 [Hedin et al., 1996] empirical models. Nevertheless, we cannot exclude that both sound velocity profile and thermospheric winds can differ significantly from values predicted by empirical models.
[16] Figure 4 compares the synthetic waveforms to data after amplitude scaling and alignment. As expected, SM simulations are able to reproduce only the main part of the signal, whereas FM almost exactly matches the observed waveforms. In particular, a similar frequency content is observed between FM synthetics and data for both infrasound crossing events. Moreover, the similar frequency content of vertical acceleration data (sampled at 1 Hz) and density perturbation data (sampled at 0.1 Hz) suggests that no aliasing is observed, even when the relative velocity is high ( 12 km/s). This strongly constrains the frequency content of infrasonic waves and consequently the atmosphere viscosity and the thermal conductivity through atmospheric attenuation models of acoustic waves.
[17] It is interesting to notice that both data and synthetic acoustic waves present a ratio between vertical acceleration and air density perturbations larger than the one observed for the gravity waves in the polar areas. This is due to the high vertical velocities compared to horizontal ones in the post-seismic infrasounds. So, the combination of these two data should help to discriminate between post-seismic infrasounds and internal gravity waves.
[18] Analysis of the GOCE data for other large earthquakes was unsuccessful because wavefront crossings happened in the polar zone (Sumatra events on 11 April 2012) or because of a lack of data (Chile event on 27 February 2010). For the other events, our simulations demonstrate that the signal is too small to be recovered by GOCE. Analyses of GRACE (480 km altitude) and CHAMP (320 km altitude) databases were also unsuccessful because the infrasonic waves are strongly attenuated before arriving at the altitude of these two gravimetric satellites. Our estimate of the optimum altitude for such a detection is around 300 km, in between the GOCE and the CHAMP spacecraft altitudes.
Conclusions
[19] The air density and vertical acceleration perturbations measured by GOCE along its track just after the Tohoku earthquake have been clearly identified as perturbations induced by the propagation of post-seismic infrasonic waves. Our model is able to reproduce amplitudes and waveforms, but precise timing is controlled by lateral variations of solid and atmospheric elastic wave speeds, which are not included in our model. The waveform fit validates our propagation and attenuation models. High vertical acceleration to air density perturbation ratio is predicted and observed for such post-seismic infrasonic waves, allowing discrimination with internal gravity waves.
[20] These data open a new way to directly probe postseismic infrasounds through low Earth orbit satellites like GOCE. They also constitute a benchmark for post-seismic infrasound modeling because the neutral acoustic wave is probed directly and not through electron density perturbations, airglow emissions, or integrated values of these quantities. This validation of our modeling tools allows to gain confidence in our ability to predict the timing and the amplitude of signals expected for other seismic events, in preparation of future space based observations.
[21] However, the influence of atmospheric winds and 3-D seismic and sound velocity variations should be included in future modeling tools. Moreover, the GOCE data set remains to be explored more deeply to search for other infrasounds or gravity waves related to tectonic activity, including those related to the tsunamis.
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